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\%t is a well established phenomenon of radiative transfer in stellar-
like plasmas that as the optical depth of a line increases, the mean
radiative energy flux in the line correspondingly increases to approach
the Planck blackbody value, Recently, the possibility of achieving
stimulated emission in the x-ray or soft x-ray region by utilizing the
interaction of strong lines from different elements or neighboring ioni-
zation stages has been considered in the context of resonance line pump-
ing in high density, albeit optically thin, plasmas:*ﬂ? He—-demonstrate
~here—shat proper utilization of photon trapping effects in the pumped
and pumping plasmas can yield comparable gains at soft x-ray frequencies
to thoge proposed\ffzfgieﬁeaegfkf”however, at plasma densities that are
significantly below and over spatial extents that are significantly
larger than those that would be required were one to be restricted to
optically thin plasmas in which an exponentially decaying inversion
density is generated, The demonstration is made by treating the physi-
cal situation of a non=collisionally dominated aluminum plasma with the
aid of a new global rate equation formalism developed to include photo-
excitation processes, on the average, into ionization equilibrium calcu-
lations involving optically thick laboratory plasmas. _.In particular,
the pumping of the AQ XII 132 - 1s3p singlet transition (éfsiiézkby the
Si XIII ls2 - 1s2p principal resonance line at 5.650} is consideféa\{QF
a range of plasma densities, sizes, and mass ratios with a specific b,
analysis of photon trapping, pumping, and escape within both the silicon
and the aluminum plasmas. Of the three A XII singlet transitions in

which gain may be anticipated (1s2s - ls3p - 1s2p, - 1s3s, ls2p = 1ls3d),
Note: Manuscript submitted March 23, 1978
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the 2p-3d is the strongest transition; hence it will have the largest
gain under the assumption we make that the s, p, and d states of levels
2 and 3 are statistically populated., In this case, the gain in the
2s=3p line will be about 204 of the gain in the 2p-3p line, while for

the 2p=3s line, it is about 3%

II. Pumping Model

Consider first the origin and the random walk of pump photons
through an optically thick silicon plasma. If the single-flight photon
escape probability is Pe’ and the probability for collisional quenching
per re-absorption is Pq, then the probability that, in scattering, the
photon neither escapes nor is quenched is fs, given by (1-Pe) (1-Pq).
The probability PN that the photon executes exactly N scatterings is
fsN - fsN-1 and thus N_, the mean number of scatterings in the silicon
plasma, is ZN PN = fs/(l-fs). Each scattering represents a re-exci-
tation of the 1s® = 1s2p transition; hence the collisional excitation
rate of the 1s2p state is effectively enhanced by the factor (1 + Ns)
in accounting for the net effect of both radiative and the original
collisional excitation,

In general, this technique's accuracy in the mean depends only on

the accuracy with which Pe and Pq can be calculated for each optically

thick transition., The values of Pq’ which are given by _K__fL___
gyt &
where A, , is the Einstein A for the transition and C is the total

1]

collisional transition rate out of the upper level, were obtained from

distorted-wave calculations of the collision strengthsj. Their values

- . ey o - ———




are listed, along with the Si « " five level structure being studied,
in Figure 1. For collisional ionization out of the excited states the

following expression was employed

-5 3
; . 4 N, 10 (KT, /x)
coll, ion, v T (5 + kTe/x)

+ exp (- x!kTe) sec-l (1)

where X and kTe are in eV, ¥ being the energetic gap between the level
and the continuum. Note that to account for both spontaneous radiative
and collisional transitions out of a particular level, the spontaneous
rate can be divided by (l-Pq), the ratio of radiative to total transi-
tions out of the level, It should be noted that the formalism described
here neither requires nor includes a model of the complete ionization
structure of the aluminum or silicon plasmas., However, we have made
reasonable assumptions about the densities of the active ions, A XII

and Si XIII, and the electron densities, and perform the computation
using the rates of processes occuring with these ions. For the initial
elarity of working with a simple set of rate equations we have not
included recombination processes involving AZ XIII and Si XIV. This

will impact estimates of the gain aechievable in the A4 XII 3-2
transitions, Collisional recombination processes tend to increase the
populations of the upper levels and thus would directly enhance the gain
of the 3-2 transitions, We calculate that the dielectronic recombination
coefficient into the n = 2 levels of Ag XII is 124 greater than that into
the n = 3 levels, However, as shown in figure 1, the electron colli=-

sional excitation rate into the n = 2 levels is 7 times as great as

e




that into the n = 3 levels from level 1 at the S5CC eV t - mperature con-
sidered here. Since we show below that substantial gain is achievable
with even this large collisional population ratio [precisely because
photo-excitation is dominant], the techniques used here therefore give
first order results by not including these processes,

Finally, the single-flight escape probabilities were calculated

from the following formula due to Athays,

P, = 0.848 (_a_>§ (2)

To

where a = Aij/kn-AvD, is the line broadening parameter appropriate for

a Voigt profile that is naturally broadened in the line wings and

T the plasma optical depth at the line center, along a plasma radius,
corrected for stimulated emission. This formula has been found to agree
within 204, for values of a less than 0,C5, with detailed multi-frequency
transport calculations6.

For the calculations presented here we assumed a cylindrical geome=-
try with the cylinder Z-axis much longer than the radius. The outer
portion of the cylinder is silicon, with a temperature of 1 Kev., The
core is aluminum, assumed to be at C.3 Kev, These temperatues are shown
by coronal models to be those at which the A7 XII and Si XIII ion

species constitute about half of all the ions in the plasma.I

Lo Direct collisional processes involving any mixed Si XIII
and A} XII at the boundaries, such as charge exchange re-
actions, are not considered since the diffusion distance is
only 2 microns per nanosecond at the lowest densities to be
considered (10*° ions/ecm®). Unwanted mixing of the two sub-
stances could in any event be suppressed by operating them
with a neutral filler such as polyethelene.

P
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Consider next the escape of photons from the silicon region., Some
photons will cross the outer surface of area As and others will escape
through the inner silicon area (Aa) into the aluminum. The fraction
that enter the aluminum is thus obtained by the ratio of available escape
surfaces Aa/(AS + Aa) in first approximation., Of those entering the
aluminum region, only a fraction 8 will be trapped., If the aluminum
region is many absorption lengths thick at line center nearly all the
entering photons will be intercepted in the aluminum region (i.e. 3 = 1).
This is the physical situation we have assumed in our calculations,

This condition will be more easily realizable if the aluminum and silicon
plasmas are counter-streaming to being the pumped and pumping transition
wave lengths into coincidence (at a counter-streaming velocity of

P

7 x 107 EE: ). In general, however, the total probability € that a

silicon photon, which ultimately escapes the silicon region with proba=-
© N Pe

bility P = P_ ggg fs = 1'(1'Pe) (1'Pq) enters, becomes trapped

in, and pumps the AZ XII 1s® - 1s3p transition is given by Pu

Aa
(__) 5.
A + A
a s

By taking into acoount the above considerations, and by assuming

statistical population of the A) XII 2- and 3~ sublevels, one can aver-
age over the geometrical details of a radiation transport calculation
and write a simple set of rate equations for the Al XT1 steady-state
level populations in terms of quenching probabilities and mean numbers
of photon scatterings., Numbers 1-5 will refer to the A ¥II levels 1,
2, and 3, and Si XIII levels 1 and 2 respectively. Then, the main

features of the level 2 and level 3 photo=-excitation dynamics, based on




the level system shown in Figure 1 (A¢ XIII and Si XIV ground states also

included), can be described by the equilibrium equations:

N2 A

= 21
5 SR ke % s 3)
Q2
N: A ,
= PR i
Ny G5 (L +Nj2) + N, G N3 € e (%)
Q&S

where the Ni's refer to total numbers in the plasma rather than densities.

By solving Eq. (3) and (4) for the population ratio NBENE, one obtains

|y -fgy) [ c5 @ en ) o, g N, ] .

A31 N1 012 (1 + Nsl2) (1 - PQQ)

o o

An inversion exists when N5/N2 > g5/32 =9/, 1In these equations, the
C's are collisional excitation rates for the indicated transitions, and
the A's are spontaneous radiative rates. Ns refers to the calculated
mean number of scatterings in the Ay XII region for the indicated tran-
sition. Equation (5) clearly exhibits the influence of the trapped line
radiation on the pumping process; population inversion between levels 2
and 3 is enhanced by scatterings to level 3 and, naturally, reduced by
scatterings to level 2 which sustain population in the lower level of the
lasing transition, As expected, the more Si XIII ground states Nh that
can be excited, the larger is the attainable inversion. Since we do

not attempt in this treatment to account for radiative depletion of
level 3 once lasing begins, Eq. (5) will describe only the linear

amplifier behavior of the aluminum plasma.




III. Numerical Results for Gain

From Eq. (5), one can calculate the volume averaged steady-state
gain coefficient which will be established following diffusion of the
silicon radiation into the aluminum region. 1In Figs. 2 and 3 the gain
coefficient is plotted for the strongest of the Ag XII 2-3 singlet
transitions (the 2p-3d). Since roughly half the'ions are in the Aj XII
or Si XIII states the electron density was taken equal to roughly 20
times the ground state densities of these species.

A meaningful upper limit to the magnitude of the .nversion which
may be produced by this mechanism may be obtained by assuming that at
most, the Ay XII region is optically thick to a broad band flux of
radiation that is 10 Doppler widths on either side of line center. 1In
each of the Figures 2 and 3 we have indicated the gain which would be
produced by a strict blackbody flux of pumping photons at 1 keV, 20
Doppler widths wide, impinging on the A4 XII region. For the laboratory
plasma conditions considered in this paper, it is always much greater
than the gain calculated from Eq. (5). Of course if the A) XII region
is not thick for quite 20 Doppler widths, this "upper limit" will be in
fact smaller since many of the blackbody photons would simply pass
through the Aj XII region.

Fig. 2 illustrates that the gain in A} XII is dramatically increased
by increasing the Si XIII density; this ultimately provides much more
pumping radiation by increasing the total number of collisionally created
Si XIII photons. The ratio of total Si XIII to Ap XII ground-state ions
was kept at 5k in this particular calcu’ation. Figure 3 illustrates a

gain saturation effect., For a Si XIII to Aj XII ground state ion ratio
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of 54, the gain is maximized at an A{ XII number density of about
I x 1019 cm-j. Above this density, collisional quenching of the
A XII 1-3 singlet transitions reduces the gain considerably; we also
expect significant gain gradients to develop at higher densities as
pumping photons from the silicorn region find it increasingly difficult
to penetrate to and pump the core of the Ay XII region. Below this
density the reduced density of lasing ions is responsible for the
reduced gain. We also note that significant gain is achieved at alumi-
num ion densities as low as 1018 cm-5, which is more than four orders
of magnitude lower than the densities suggested in reference 1.
Finally, the quenching effect of radiation trapping in the Aj XII
1-2 transition can also be seen in Fig., 2. The steady state gain co-
efficient for a fixed density and ion number ratio is plotted against
the radius of the aluminum region. The gain coefficient is monotoni-
cally increased by increasing the aluminum region's size; since 8 has
been taken equal to one, this is purely an effect of the increased

optical depth of the Ay XII region in the A XII 152 - 1s2p principal

resonance line,

IV, Summary

In plasmas whose excitation dynamics are dominated by radiation
transport the degree of photo excitation attainable can be calculated
in the mean from locally definable collisional quenching and nonlocally
definable photon escape probabilities. The escape probabilities are

functions of both the plasma geometry and the absorption and emission
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profiles. However, in simple geometries and for Dcppler or Voigt pro-
files, simple expressions for the escape probabilities as a function of
the mean optical depth at line center can be derived from detailed two-
level radiation transport calculations. In this paper, we showed how
these probabilities could then be utilized in a global rate equation to
determine, in steady state, the mean population inversion and gain co-
efficient achievable in a two component Si - AZ plasma for different
sizes, densities and mass ratios in a cylindrical configuration in which
the aluminum was surrounded by the silicon plasma.

A technique for producing at least some of these configurations is
that of laser heating. If the outer silicon region is to be heated to
1 Kev, and the inner aluminum region to 0.8 Kev, an approximate expres-
sion for the heating time of the aluminum core by electron thermal con-
duction alone may be obtained by estimating the temperature gradient
during heating to be 1 Kev/RTOT where RTOT is the outer radius of the
cylinder., (We assume the aluminum to be preionized by an electron beam,

for example,) Using the expressions for electron conduction given by

Braginskii7 one finds that
t = 4,46 x 10727 R(A%) R, . N (6)
heat tot

where theat is the time in seconds needed to heat the center to 0.8 Kev,

R(AZ) is the radius of the aluminum region in centimeters, N is the
average ion density (taken to be 0,05 times the electron density) for
Agp XIT and Si XIII. Eq. (A) indicates that it would be possible to heat

the aluminum interior by thermal conduction before the silicon plasma




disassembies (at t ~ 1 nsec) for characteristic radii of C.1 cm and ion

densities a few times 1219

or less, For larger radii and higher den-
sities, the core of aluminum will have to be heated directly by the
laser or by another technique such as in a pulsed-power exploding wire

\ experiment,
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Si X Al X1l

SINGLETS

1s2s 1s2p 1s3s 1s3p 1s3d

1s2s

1s

TRANSITION A C (per ion per
electron per sec)
1 3.9X10"3 sec! 5.5X 1012
2 2.8x10" 6.0X10"2
3 1.4x10" 3.9x100
4 4.6x10" 1.0X10°10
5 2.2x 10" Bt s
6 7.7x10" 8.5x10°13

Fig. 1 = The energy levels of interest in the AQ XII-Si XIII
lasing system are indicated in this diagram along with the
radiative and collisional transition probabilities used in
the calculations.
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Fig. 2 - Steady-state gain in the Aj XII 2p-3d transi-
tion is plotted vs., Si XIII density and A XII plasma
radius. Results for a strict blackbody pumping source
are indicated for comparison.

13




4
10 T I T T

{

o S 1 I 1|

NISI X = 5 x 1080cm3
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Si Al RATIO = 54

TP SR N Y

GAIN 3d  2p (cm1)

(S O 0T A )

T
1

10 1 SR ) Tk O 10} | i
10" 10" 3x10®

N(AL X1 (em*3)

Fig. 3 - Steady-state gain in the Ag XII 2p-3d transi-
tion versus Ag XII density, for the plasma conditions
indicated. Results for a strict blackbody pumping
source are shown for comparison.
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3939 FABIAN WAY
PALO ALTO, CA 94303
(FORMERLY AERONUTRONIC FORD CORPORATION)
1-EY ATTN: DONALD R. MCMORROW MS G30
I Cre ATTN: LIBRARY

FORD AEROSPACE & COMMUNICATIONS OPERATIONS
FORD & JAMBOREE ROADS
NEWPORT BEACH, CA 92663
(FORMERLY AERONUTRONIC FORD CORPORATION)
1 €Y ATTN: TECH INFO SECTION

GENERAL ELECTRIC COMPANY
SPACE DIVISION
VALLEY FORGE SPACE CENTER
GODDARD BLVD KING OF PRUSSIA
P.0. BOX 8555 '
PHILADELPHIA, PA 19101
e ¢ ATTN: JOSEPH C. PEDEN VFSC, RM L4230M

GENERAL ELECTRIC COMPANY
TEMPO-CENTER FOR ADVANCED STUDIES
816 STATE STREET, (P.O. DRAWER QQ)
SANTA BARBARA, CA 93102

1 C¥ ATTN: DASIAC

INSTITUTE FOR DEFENSE ANALYSES
400 ARMY-NAVY DRIVE
ARLINGTON, VA 22202
I €Y ATTN: IDA LIBRARIAN RUTH S. SMITH

ION PHYSICS CORPORATION
SOUTH BEFORD STREET
BURLINGTON, MA 01803

1 CY ATTN: H. MILDE
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IRT CORPORATION
P.0. BOX 81087
SAN DIEGO, CA 92138

1 CY ATTN: R. L. MERTZ

JAYCOR
1401 CAMINO DEL MAR
DEL MAR, CA 92014

1 CY ATTN: ERIC P. WENAAS

JAYCOR
205 S. WHITING STREET, SUITE 500
ALEXANDRIA, VA 22304

1 CY ATTN: ROBERT SULLIVAN

KAMAN SCIENCES CORPORATION
P.0. BOX 7463
COLORADO SFRINGS, CO 80933

1 CY ATTN: ALBERT P. BRIDGES
I €Y ATTN: JOHN R. HOFFMAN

I Q¥ ATTN: DONALD H. BRYCE

1 CY ATTN: WALTER E. WARE

LOCKHEED MISSILES AND SPACE CO INC
3251 HANOVER STREET
PALO ALTO, CA 94304

1 CY ATTN: LLOYD F. CHASE

MAXWELL LABORATORIES, INC.
9244 BALBOA AVENUE
SAN DIEGO, CA 92123

I CY ATTN: A. RICHARD MILLER
I ey ATTN: PETER KORN
1 €Y ATTN: Wayne Clark

MCDONNELL DOUGLAS CORPORATION
5301 BOLSA AVENUE
HUNTINGTON BEACH, CA 92647

3 CY ATTN: STANLEY SCHNEIDER

g MISSION RESEARCH CORPORATION
735 STATE STREET
SANTA BARBARA, CA 93101
1 Cy ATTN: WILLIAM C. HART
1 Cy ATTN: CONRAD L. LONGMIRE
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MISSION RESEARCH CORPORATION-SAN DIEGO
P.0. BOX 1209
LA JOLLA, CA 92038
(VICTOR A. J. VAN LINT)
I e ATTN: V. A. J. VAN LINT

NORTHROP CORPORATION
NORTHROP RESEARCH AND TECHNOLOGY CTR
3401 WEST BROADWAY
HAWTHORNE, CA 90250
(DESIRES ONLY 1 COPY OF CNWDI MAT)
1 Cy ATTN: LIBRARY

NORTHROP CORPORATION
ELECTRONIC DIVISION
2301 WEST 120TH STREET
HAWTHORNE, CA 90250
1 ¢Y ATTN: VINCENT R. DEMARTINO

PHYSICS INTERNATIONAL COMPANY
2700 MERCED STREET
SAN LEANDRO, CA 94577

1o EY ATTN: DOC CON FOR BERNARD H. BERNSTEIN
L €Y ATTN: DOC CON FOR CHARLES H. STALLINGS
I €Y ATTN: DOC CON FOR PHILIP W. SPENCE
1CY ATTN: DOC CON FOR BERNIE LIPPMANN

LR ATTN: DOC CON FOR SIDNEY D. PUTNAM

PULSAR ASSOCIATES, INC.
11491 SORRENTO VALLEY BLVD
SAN DIEGO, CA 92121
ECY ATTN: CARLETON H. JONES JR.

R & D ASSOCIATES
P.0. BOX 9695
MARINA DEL REY, CA 90291

1 Cy ATTN: C. MACDONALD
I CY ATTN: WILLIAM R. GRAHAM JR.
1 CY ATTN: LEONARD SCHLESSINGER

SCIENCE APPLICATIONS, INC.
P.0. BOX 2351
LA JOLLA, CA 92038

1 €Y ATTN: J. ROBERT BEYSTER
SPIRE CORPORATION
P.0. BOX D
BEDFORD, MA 01730
1 CY ATTN: ROGER G. LITTLE
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SRI INTERNATIONAL
333 RAVENSWOOD AVENUE
MENLO PARK, CA 94025
1 CY ATTN: SETSUO DDAIRIKI

SYSTEMS, SCIENCE AND SOFTWARE, INC.
P.0. BOX 4803
HAYWARD, CA 94540

1 €Y ATTN: DAVID A. MESKAN

SYSTEMS, SCIENCE AND SOFTWARE, INC.
P.0. BOX 1620
LA JOLLA, CA 92038

1 cY ATTN: ANDREW R. WILSON

TEXAS TECH UNIVERSITY
P.0. BOX 5404 NORTH COLLEGE STATION
LUBBOCK, TX 79417

1 cf ATTN: TRAVIS L. SIMPSON

TRW DEFENSE & SPACE SYS GROUP
ONE SPACE PARK
REDONDO BEACH, CA 90278
TEEY ATTN: TECH INFO CENTER/S-1930

VOUGHT CORPORATION
MICHIGAN DIVISION
38111 VAN DYKE ROAD
STERLING HEIGHTS, MI 48077
(FORMERLY LTV AEROSPACE CORPORATION)
INGY ATTN: TECH LIB

NRL CODE 2628 - 20 CYS
NRL CODE 6700 - 1 CY

NRL CODE 4750 - 20 CYS (1 CY CLASSIFIED)




